Introduction {#ss1}
============

Histamine 1 (H1)-receptor antagonists are commonly used in the treatment of allergic disorders, but histamine may also influence non-allergic inflammatory and autoimmune events ([@CIT0001]). For example, in the absence of histamine, achieved by using histidine decarboxylase-knockout mice and a histamine-deficient diet, inflammatory processes in arthritis ([@CIT0002]) and colitis ([@CIT0003]) are attenuated. In addition, using H1-receptor knockout mice reduced arteriosclerosis, and steatohepatitis-associated inflammation was observed ([@CIT0004]). Also adaptive immunity is influenced by histamine-induced signaling events. Indeed, results from H1-receptor knockout mice indicate expansion of Th2 cells ([@CIT0006]), decreases in cytotoxic T-cells ([@CIT0008]), and reduced autoimmune encephalomyelitis in an experimental mouse model lacking the H1-receptor ([@CIT0009]). As type 1 diabetes is an autoimmune disease in which pancreatic beta-cells are destroyed via inflammatory and T-cell-mediated events ([@CIT0011]), and as type 2 diabetes is associated with macrophage activation and increased release of pro-inflammatory cytokines ([@CIT0012]), it is possible that histamine via activation of the H1-receptor modulates events pertinent to the pathogenesis of both type 1 and type 2 diabetes. This notion is supported by our recent observation that cetirizine, a second-generation H1-receptor antagonist ([@CIT0013]), partially counteracted pro-inflammatory-induced beta-cell death ([@CIT0014]). In line with this, it has also been reported that H1-receptor antagonists can inhibit NF-κB, a transcription factor that plays an important role in expression of adhesion molecules and inflammatory mediators ([@CIT0015]). In addition, cetirizine suppressed the activation and chemotaxis of T-cells, monocytes, and granulocytes at sites of inflammation, and inhibited production of reactive oxygen radicals and lipid mediators from eosinophils, neutrophils, and mast cells ([@CIT0018]). Therefore, the aim of the present study was to investigate the putative effects of cetirizine on diabetes development in non-obese diabetes (NOD) mice, a model for human type 1 diabetes, and glucose intolerance in high-fat diet mice, a model for human glucose intolerance. We observed that cetirizine improved the glucose tolerance of high-fat diet mice, but failed to protect against diabetes in NOD mice.

Methods {#ss2}
=======

Development of diabetes in NOD mice {#ss3}
-----------------------------------

A local colony of non-obese diabetic (NOD) mice was kept under standard pathogen-free conditions, with free access to tap water and pelleted food. To study the spontaneous development of diabetes, 20 female NOD mice were given cetirizine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA; 25 mg/kg body weight) in the drinking water between 9 and 30 weeks of age. The dose was chosen to be high but far below the sub-lethal dose, which is 55 mg/kg, and the lethal dose, which is 750 mg/kg, in mice ([@CIT0023]). Twenty control mice were given only drinking water with no extra supplement. The amount of cetirizine in the drinking water was continuously adjusted according to water intake and body weight of the mice. Blood glucose levels were measured every week until the first sign of hyperglycemia, then daily. Animals were considered diabetic and killed upon two consecutive days of blood glucose \>12 mM. The NOD mice experiments were approved by the local animal ethics committee.

High-fat diet treatment of C57BL/6 mice {#ss4}
---------------------------------------

Four-week-old male C57BL/6 mice were purchased from Scanbur AB (Sollentuna, Sweden). When 5 weeks of age, the mice were divided into two groups with 20 mice in each: one given a normal diet (ND) and one given a high-fat diet (HFD). The high-fat diet (HFD) (D12492, Research Diets, New Brunswick, NJ, USA) contained 60 kcal% fat, whereas the normal diet (ND) (D12450B, Research Diets) contained only 10% kcal fat ([@CIT0024]). After 7 weeks of diet, both groups were randomly divided into two subgroups, one receiving cetirizine (25 mg/kg body weight) in the drinking water and one group receiving no supplementation. The amount of cetirizine in the drinking water was continuously adjusted according to water intake and body weight of the mice. Water intake was not affected by the addition of cetirizine (results not shown). Directly before start of cetirizine treatment and after 1 week of cetirizine treatment non-fasting blood glucose levels were determined. For this purpose, blood was withdrawn from the tip of the tail and analyzed using the Freestyle Mini System (Abbot, TheraSense Inc., Alameda, CA, USA). The same person collected all blood samples for blood glucose determinations. The high-fat diet experiments were approved by the local animal ethics committee.

Blood glucose tolerance test {#ss5}
----------------------------

After 2 weeks of cetirizine treatment the mice were fasted for approximately 8 h. The mice were then given a single dose of 2.5 g/kg body weight of 30% w/v D-glucose intravenously by injection in the tail vein. Blood glucose was determined prior to injection and then at 10, 30, 60, and 120 min after injection. A small drop of blood was withdrawn from the tail and analyzed with the Freestyle Mini System.

Insulin sensitivity test {#ss6}
------------------------

Mice were given an intraperitoneal injection (1.6 U/kg body weight) of the insulin analog Actrapid (Novo Nordisk, Bagsværd, Denmark). Blood glucose was determined on blood samples from the tail, before injection and 15, 60, 120, and 180  min later using the Freestyle Mini System.

Statistics {#ss7}
----------

The chi-square test was used for analysis of cumulative diabetes incidence. Student's *t* test was used for comparison of control mice with experimental group when the sample data were normally distributed. Non-normally distributed sample data were analyzed using the Mann--Whitney *U* test.

Results {#ss8}
=======

Cetirizine did not protect against development of diabetes in NOD mice {#ss9}
----------------------------------------------------------------------

The precipitation of overt diabetes in female NOD mice usually occurs from approximately 15 weeks of age. To study whether the activity of the H1-receptor affects the onset of disease, we treated female NOD mice from 9 to 30 weeks of age with 25 mg/kg body weight per day of cetirizine administered via the drinking water. At 30 weeks of age 10 out of 20 non-cetirizine-treated mice had developed diabetes ([Figure 1](#F1){ref-type="fig"}). Among the 20 cetirizine-treated mice 12 developed diabetes (*P* \> 0.05) ([Figure 1](#F1){ref-type="fig"}). Cetirizine did not affect the age at which diabetes precipitated ([Figure 1](#F1){ref-type="fig"}).

![Cetirizine does not affect diabetes development in the NOD mouse. Female NOD mice were treated from 9 to 30 weeks of age with 25 mg/kg × day with cetirizine in the drinking water. Blood samples were taken at indicated time points for the assessment of hyperglycemia. Mice were considered diabetic when the blood glucose values were \>12 mM on two consecutive days. At 30 weeks of age, 10 out of 20 control mice and 12 out of 20 cetirizine-treated mice had developed diabetes (*P* \> 0.05 using the chi-square test).](UPS-120-040-g001){#F1}

Cetirizine ameliorated high-fat diet-induced glucose intolerance in C57BL/6 mice {#ss10}
--------------------------------------------------------------------------------

The H1-receptor antagonist cetirizine was given to C57BL/6 mice in the drinking water at 25 mg/kg/day, to determine whether high-fat diet (HFD)-induced glucose intolerance is affected. We found that cetirizine supplemented via the drinking water during the last 2 weeks of a 9-week long HFD period did not significantly affect the weight increase of the normal diet (ND) and HFD mice ([Figure 2](#F2){ref-type="fig"}). We also assessed food intake by weighing the cages without mice, before and after addition of new pellets, and observed similar food intake in cetirizine-treated mice as compared to non-cetirizine-treated mice (results not shown).

![Weight curve of C57BL/6 mice given a normal diet or a high-fat diet from 5 to 14 weeks of age. After 7 weeks of normal diet (ND, 20 mice) and high-fat diet (HFD, 20 mice), the mice (aged 12 weeks) were divided into four groups with 10 mice in each: ND or HFD, with or without cetirizine (25 mg/kg/day) and followed for another 2 weeks.](UPS-120-040-g002){#F2}

The non-fasting blood glucose levels of HFD mice were higher than those of ND mice after 7 weeks of diet ([Figure 3](#F3){ref-type="fig"}). A 1-week treatment with cetirizine resulted in a normalization of the blood glucose levels of HFD mice ([Figure 3](#F3){ref-type="fig"}). Cetirizine did not affect the blood glucose concentrations of ND mice ([Figure 3](#F3){ref-type="fig"}).

![Non-fasting blood glucose of ND or HFD mice treated with cetirizine for 1 week. The non-fasting blood glucose concentrations were analyzed after 7 and 8 weeks of HFD, directly before start of cetirizine treatment (Day 0) and after 1 week of cetirizine treatment (Day 7). Results are means ± SEM; *n* = 10 for the two ND groups and 8--9 for the two HFD groups. \**P* \< 0.05 versus corresponding ND mice using Student's unpaired *t* test.](UPS-120-040-g003){#F3}

The glucose tolerance at fasting conditions of the different study groups was assessed by an intravenous glucose injection followed by determinations of blood glucose levels at 0, 10, 30, 60, and 120 min. We observed that cetirizine did not affect the glucose tolerance of ND mice ([Figure 4A](#F4){ref-type="fig"}). The glucose concentrations of HFD mice, however, tended to be lower in the cetirizine-treated mice at all time points after the glucose injection ([Figure 4B](#F4){ref-type="fig"}). To test whether there was a significant difference in the glucose tolerance, we calculated the area under the curve (AUC) and observed a significantly lower AUC in the cetirizine-treated mice ([Figure 4C](#F4){ref-type="fig"}). Cetirizine did not exert any effect on the AUC of ND mice ([Figure 4C](#F4){ref-type="fig"}).

![Glucose tolerance test of ND and HFD mice treated with cetirizine for 2 weeks. After 2 weeks of cetirizine treatment ND (A) and HFD (B) mice were fasted for 8 h and injected intravenously with glucose (2.5 g/kg). Blood glucose levels were analyzed at the time points given in the Figure. Results are means ± SEM for 8--10 mice in each group. C: Data from [Figures 4A and 4B](#F4){ref-type="fig"} were recalculated to area under the curve (AUC). \**P* \< 0.05 versus HFD mice without cetirizine treatment using the Mann--Whitney *U* test for non-parametric populations.](UPS-120-040-g004){#F4}

An insulin sensitivity test was also performed after the 9 weeks of HFD and 2 weeks of cetirizine treatment, and we observed that cetirizine did not affect the insulin sensitivity of ND mice ([Figure 5A](#F5){ref-type="fig"}). HFD mice displayed a marked reduction in insulin sensitivity as compared to ND mice ([Figure 5B](#F5){ref-type="fig"}). The insulin sensitivity of HFD mice was not affected by the cetirizine treatment ([Figure 5B](#F5){ref-type="fig"}).

![Insulin sensitivity test of ND (A) and HFD (B) mice treated for 2 weeks with cetirizine. Insulin (1.6 U/kg, Actrapid, Novo Nordisk, Bagsværd, Denmark) was injected intraperitoneally, and blood glucose was analyzed at the time points given. Results are means ± SEM for 8--10 mice in each group.](UPS-120-040-g005){#F5}

Discussion {#ss11}
==========

In NOD mice first macrophages and later other immune cells including T-cells infiltrate the pancreatic islets leading to insulitis. As this process progresses with time, beta-cells are destroyed via direct cell-to-cell contacts between the beta-cells and T-killer cells ([@CIT0025]). This autoimmune-mediated destruction of beta-cells is a complex process, which at least in part seems to involve the activity of pro-inflammatory cytokines ([@CIT0026]). Because histamine, via the H1-receptor, in some cases promotes T-cell Th1 polarization, increases dendritic cell-mediated activation of cytotoxic CD8 T-cells, and augments inflammatory events in general ([@CIT0001]), we investigated its putative role in diabetes of NOD mice using the H1-receptor antagonist cetirizine. In our experimental set-up, in which the mice were given cetirizine in the drinking water from 9 to 30 weeks of age, cetirizine affected neither the overall diabetes incidence nor time of diabetes precipitation. This argues against a major role of immune- and islet cell H1-receptor activity in the late-stage autoimmune destruction of beta-cells that occurs after 9 weeks of age. However, we cannot exclude that H1-receptor activation affects earlier events in the NOD mouse, such as antigen priming and the initial expansion of beta-cell reactive T-cell clones occurring early in regional lymph nodes ([@CIT0027]), and that cetirizine supplementation to the drinking water from for example the fourth week might have given a different result. Indeed, allergic symptoms in infants have been reported to be associated with the development of type 1 diabetes-related auto-antibodies during the first years of life ([@CIT0028]). Nor can we exclude that doses of cetirizine other than the one presently used might have affected diabetes in NOD mice. The transferral of the H1-receptor knockout to a NOD background might bring more clarity to the putative role of histamine and the H1-receptor in type 1 diabetes.

We here report that the non-fasting blood glucose and the glucose tolerance of high-fat diet C57BL/6 mice were improved by a 2-week cetirizine treatment. At first glance, this appears to be at variance with previous studies using H1-receptor knockout mice. A genetic loss of H1-receptor activity promotes hyperleptinemia, visceral adiposity, and moderate insulin resistance in mice given a high-fat diet ([@CIT0005]). In addition, decreased weight and increased energy expenditure has been observed in mice infused with histamine to the central nervous system ([@CIT0030]). This is commonly explained by the leptin--histamine loop, a system in which the leptin-sensing neurons localized in hypothalamic nuclei require histamine-induced signaling for leptin to exert its effects. Histamine-facilitated leptin signaling in the central nervous system is known to decrease food intake and increase uncoupling in adipose tissue ([@CIT0005]). Accordingly, lack of H1-receptor signaling will result in increased leptin resistance, increased food intake, and decreased energy expenditure. The discrepancy between the present results using the H1-receptor antagonist cetirizine and the H1-receptor knockout mouse may be explained by the low permeability of cetirizine, a second-generation antihistamine, across the blood--brain barrier. Thus, it is reasonable to assume that cetirizine affects mainly histamine signaling in the periphery and to a lesser extent the central leptin--histamine loop. Nevertheless, we cannot completely rule out a modest effect of cetirizine on the central leptin--histamine loop. For example, our results might hint at a minor trend to increased body weight in response to cetirizine, and the high dose of cetirizine here used (25 mg/kg) could have facilitated some leakage across the blood--brain barrier.

Inhibition of the H1-receptor outside the central nervous system improved non-fasting blood glucose and the glucose tolerance of high-fat diet mice. As we did not measure insulin during the glucose tolerance test, it is not clear whether beta-cell function was actually improved. However, our results may suggest that peripheral inhibition of H1-receptor signaling improves beta-cell function, and that this occurs without affecting peripheral insulin resistance. In type 2 diabetes there is a shift in the profile of immune cells, both in islets and in adipose tissue, from an anti-inflammatory to a pro-inflammatory state ([@CIT0031]). Furthermore, islet macrophages, in response to hyperlipidemia, have been proposed to activate the NLRP3 inflammasome leading to IL-1β release, amyloid formation, and beta-cell dysfunction ([@CIT0032]). As we have recently observed that cetirizine partially counteracted the effects of the pro-inflammatory cytokines IL-1β and IFN-γ on beta-TC6 cell death ([@CIT0014]), possibly via modulating c-Jun N-terminal Kinase (JNK) activity and release of the chemokine macrophage migration inhibitory factor (MIF), it may be that H1-receptor signaling exacerbates islet inflammation and therefore also beta-cell dysfunction. Interestingly, other strategies to reduce systemic inflammation besides using cetirizine, for example by treatment with omega 3-fatty acids or an IL-1β neutralizing monoclonal antibody, have in some cases also failed to reduce peripheral insulin resistance ([@CIT0033]). Thus, anti-inflammatory treatments might have less effect on peripheral insulin resistance than on islet dysfunction, a notion that fits well with the results of the present investigation.

It is not yet known whether oral antihistamines affect glucose intolerance or type 2 diabetes in human subjects. The present findings open the possibility that targeted inhibition of the H1-receptor expressed on cells in pancreatic islets, and not targeted to adipose/neuronal tissues, can result in improved metabolic control.
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